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Introduction 


Shortly after human skin is injured the 
area for several centimeters surrounding 
the site of injury gradually becomes redden- 
ed. This flare is a component of the inflam- 
matory response, represents neurogenic vas- 
odilatation,* and probably is mediated 
through the release of one or more vasodi- 
lator substances.*® The threshold for pain 
in the flare zone is lowered.’ 

These phenomena have been the topic of 
a series of investigations in this labora- 
tory ”!; in this report an attempt is made 
to define more carefully (a) the nervous 
pathways implicated and (h) the nature of 
the mediator substance. 

Antidromic Vasodilatation after Stimula- 
tion of the Distal Portion of Transected 
Dorsal Roots. —In 1874 Goltz 1* demon- 
strated that the sciatic nerve contains fibers 
that induce vasodilatation when stimulated. 
Shortly thereafter, Stricker‘? concluded 
that in opposition to the Bell-Magendie law, 
certain vasodilator fibers apparently leave 
the spinal cord through the dorsal roots, 
since he observed that stimulation of the 
distal portion of a transected dorsal root 
resulted in cutaneous vasodilatation within 
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the segment that had been served by the 
root. 


Bayliss,1*!* recording the volume of the 
hind legs of dogs with a plethysmograph, 
confirmed and extended Stricker's less well- 
controlled observations. He ruled out the 
possibility that the fibers responsible for 
the phenomenon were spinal efferent nerves 
since stimulation of the peripheral portion 
of transected dorsal roots continued to 
result in vasodilatation 14 days after tran- 
section between the dorsal root ganglion 
and the cord. Also, he showed that extirpa- 
tion of the sympathetic nervous system did 
not abolish the vasodilator response. In 
contrast, no vasodilatation resulted if the 
peripheral end of a transected sciatic nerve 
was stimulated a sufficient number of days 
after extirpation of the dorsal root ganglia 
to allow degeneration of the peripheral 
afferent fibers. He therefore concluded that 
vasodilatation resulting from stimulation of 
the peripheral portion of a transected dorsal 
root or sciatic nerve is the consequence of 
"antidromic" impulses passing through af- 
ferent fibers, which have their cell bodies 
in the dorsal root ganglia. He further 
showed that stimulation of dorsal roots also 
can result in antidromic vasodilatation in 
the viscera.!7 Langley also studied anti- 
dromic vasodilatation in the early part of 
the 20th century.182° “He demonstrated in 
cats that stimulation of a dorsal root causes 
flushing in the skin of the fwt. Langley 
postulated that this antidromic vasodilata- 
tion probably was mediated by metabolites. 
Hinsey and Gasser 7! and Gasser ®* further 
defined the fibers responsible for antidromic 
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vasodilatation by showing that dorsal root 
stimulation must be strong enough to evoke 
a C wave in the neurogram to result in 
vasodilatation. 


A Mediator Substance and Antidromic 
Vasodilatation.— The possibility that anti- 
dromic activity in afferent nerves results 
in the peripheral release of a vasodilator 
substance was discussed by Langley 2° and 
by Bayliss,7 who both noted that there 
was a significant delay (2 to 8 seconds) 
between stimulation and the onset of anti- 
dromic vasodilatation, and that the vasodila- 
tation long outlasted the period of stimula- 
tion. Gaskell in 191673 made the first sug- 
gestion of the possible nature of the medi- 
ator substance by postulating that "acid 
metabolites" from skin cells were released. 
Doupe 4 altered this formulation to suggest 
that the vasodilator "metabolites" had their 
origin in nerve fibers, rather than in skin 
cells. Kibjakow *® observed enhanced vaso- 
dilator activity in blood collected from a 
region of antidromic vasodilatation induced 
by stimulation of dorsal roots. He noted 
that the substance was relatively stable in 
blood, and thus probably was not acetylcho- 
line. Foerster 2627 demonstrated in man that 
if an adjacent root on either side of a 
transected dorsal root were intact, stimula- 
tion of the peripheral portion of the tran- 
sected root resulted in sensations of pain, 
suggesting that a substance capable of 
stimulating pain fibers or endings is released 
at the terminal branches of the afferent 
fibers during stimulation of the root. 

“H Substance" as a Mediator for Anti- 
dromic Vasodilatation—Lewis,* in an ex- 
tensive series of observations with human 
subjects, and Krogh,?*.?® studying laboratory 
animals, both implicated histamine or a 
histamine-like substance (""H substance" of 
Lewis) as the agent responsible for anti- 
dromic vasodilatation. Lewis pointed out 
that stimulation of dorsal roots produces 
changes in the skin that are at least partially 
analogous to the "triple reaction" (i.e., local 
reddening of the site of injury, local edema 
leading to the formation of a wheal, and a 
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more diffuse "flare" surrounding the site 
in the skin) that can be produced by intra- 
dermal injection of histamine. Ungar 3032 
supported the hypothesis that a histamine- 
like substance is released by showing that 
stimulation of the peripheral portion of the 
transected internal saphenous nerve results 
in increased gastric secretion similar to that 
produced by subcutaneous injection of his- 
tamine. The humoral nature of the pheno- 
menon was demonstrated by showing that 
increased gastric secretion did not occur 
after stimulation of the nerve if the circula- 
tion to the limb subserved by it were oc- 
cluded. However, Ungar and Parrot *%-34 
concluded that the substance released into 
venous perfusate by stimulation of the 
peripheral portion of transected dorsal roots 
was not identical with histamine. They 
noted that its properties suggested that it 
might be an epinephrine derivative. Foe- 
rster27 in man, and Hara-~> in the cat 
showed that the sweating response to stimu- 
lation of the sympathetic nervous system is 
inhibited in a region of antidromic vaso- 
dilatation and demonstrated that injection 
of histamine results in the same inhibition. 
Perfusate from the leg of cats, after stimu- 
lation of the peripheral portion of the tran- 
sected sciatic nerve serving the leg, was 
observed by Kwiatkowski 2® to contain in- 
creased amounts of an agent with some of 
the pharmacodynamic properties of hista- 
mine. Ibrahim,37 in support of Kwiatko- 
wski,?* observed that the velocity of blood 
flow in the skin of dogs increased after 
dorsal root stimulation, and that this in- 
crease was significantly reduced after in- 
jection of antihistamine agents. These ob- 
servations are difficult to assess since the 


amount of antihistaminics used greatly 
lowered the blood pressure. 
Thus, while there is evidence that a 


substance with some of the properties of 
histamine is released into the circulation 
during electrical stimulation of the distal 
portion of transected afferent fibers, because 
of the limited specificity of the bioassay 
methods it has not been possible to identify 
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the substance as histamine itself. The avail- 
able evidence, while not conclusive, suggests 
that it probably is some other agent that 
appears in the blood. 


It is possible to rule out histamine as 
the principal agent responsible for antidro- 
mic vasodilation, per se, with more confi- 
dence. Parrot and Lefebvre®® in 1943 
demonstrated that antihistamine agents do 
not block vasodilatation induced by stimu- 
lation of the peripheral portion of transected 
dorsal roots of dogs. Holton and Perry *® 
showed that antihistaminics do not block 
vasodilatation stemming from stimulation 
of the peripheral portion of the transected 
auricular nerve in the rabbit ear. The agent 
they used, pyrilamine maleate, passes 
readily from the blood into the skin and, 
while it does not antagonize all the actions 
of histamine, it does antagonize the vaso- 
dilator effect in the rabbit ear. They ob- 
served that pyrilamine in amounts that 
blocked the vasodilator response from in- 
jected histamine failed to antagonize anti- 
dromic vasodilatation. Frumin, Ngai, and 
Wang * also were unable to antagonize 
antidromic vasodilatation with antihistamine 
agents. 


The Concept of “Histaminergic’” Nerves. 
—Ungar *! postulated that it is a histamine- 
like substance that is released from the 
peripheral ends of afferent fibers during 
antidromic activity. Further evidence for the 
implication of histamine as a neurohumor 
came from the studies of Euler ‘4?:#2 and 
Werle,*##5 who assayed the distribution of 
histamine in various regions of the nervous 
system. On the basis of these studies 
Euler *” suggested the existence of a hista- 
minergic system linked anatomically with 
the sympathetic division. Euler and Astrém, 
studying segments of isolated peripheral 
nerve,*® also reported that under certain 
conditions a histamine-like substance was 
released from one end of the segment fol- 
lowing electrical stimulation of the other. The 
inferences that can be drawn from this ob- 
servation as to a possible physiological role 
for histamine are limited by the “unphysio- 
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logical" trauma that is an unavoidable fea- 
ture of the technique. 


Subsequent investigations have not sup- 
ported the postulate that histamine is re- 
leased from nerves during physiological 
activity and the concept of histaminergic 
nerves now is probably only of historical 
interest. The functional significance of the 
histamine present in the nervous system 
remains obscure. 


Acetylcholine as a Mediator for Antidro- 
mic Vasodilatation.— Dale,4™*8 in contrast, 
favored acetylcholine as the mediator for 
antidromic vasodilatation. As early as 1863, 
Phillipeaux and Vulpian 49:59 had observed 
that stimulation of afferent nerves can result 
in contraction of striated muscles in the 
region of the endings of the afferent fibers 
(Vulpian-Heidenhain-Sherrington phenom- 
enon). Since such stimulation results both 
in the contraction of striated muscle and in 
antidromic vasodilatation, Dale argued that 
acetylcholine probably was the mediator, for 
it was the only known substance to possess 
both actions. Later it was shown 5)5? that 
the contraction of striated muscle resulted 
from simultaneous stimulation of adjacent 
sympathetic fibers. Thus, the evidence con- 
cerning striated muscle is not relevant to 
antidromic vasodilatation induced by stimu- 
lation of afferent fibers. 


Apparent experimental support for the 
release of acetylcholine during antidromic 
vasodilatation was given in the 1930’s.53-55 
Wybauw 54:55 showed that arteriovenous 
perfusate from the posterior limb of the 
cat contained increased amounts of a sub- 
stance with pharmacodynamic properties 
resembling those of acetylcholine when the 
dorsal roots serving the limb were stimu- 
lated. This substance resulted in a contrac- 
tion of eserinized leech muscle, depression 
of the frog heart, and depression of the 
blood pressure of the cat. The origin of the 
acetylcholine-like substance Wybauw_ ob- 
served, however, is in doubt. Since Hinsey 
and Cutting 5! showed that the Sherrington- 
Vulpian phenomenon was dependent upon 
activation of sympathetic fibers, it is possi- 
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ble that the agent observed by Wybauw also 
stemmed from inadvertent stimulation of 
sympathetic cholinergic fibers. Although 
there is no evidence to deny that acetylcho- 
line in small amounts may be released peri- 
pherally during stimulation of the distal 
portion of transected dorsal roots, whether 
from afferent or from sympathetic fibers, 
it is now considered unlikely that acetylcho- 
line itself is responsible for the resulting 
vasodilatation, since antidromic vasodilata- 
tion is neither inhibited by atropine °?°* nor 
potentiated by eserine.*® 

A Vasodilator Substance Released During 
Stimulation of the Chorda Tympani.—Stim- 
ulation of the chorda tympani also results 
in vasodilatation that is not antagonized by 
atropine. In 1858 Claude Bernard 5? ob- 
served that stimulation of this nerve pro- 
duced salivary secretion, increased blood 
flow, and increased heat production. He 
suggested that each was produced by dif- 
ferent types £ nerve fibers. This concept 
was supported in 1872 by Heidenhain,*® 
who observed that the vasodilator component 
of the response was not antagonized by 
amounts of atropine that prevented salivary 
secretion. Thus, the enhanced salivary secre- 
tion under these conditions appears to be 
dependent upon a cholinergic mediator, 
since it is inhibited by atropine; in con- 
trast, the mediator of the vasodilator re- 
sponse probably is not cholinergic, since the 
vasodilatation is not inhibited by atropine. 

Babkin, Gibbs, and Wolff 59 showed that 
electrical stimulatioa of the chorda tympani 
resulted in a lowering of the arterial blood 
pressure. The depressor response could not 
be observed unless the animal was treated 
with an anticholinesterase (Physostigmine), 
indicating that an acetylcholine-like sub- 
stance was implicated in the release of a 
depressor substance into the blood during 
stimulation of the chorda tympani. On the 
other hand, Ungar et al.®° demonstrated that 
stimulation of the peripheral portion of the 
transected lingual nerve in the atropinized 
dog resulted in heightened gastric secretion, 
thus also implicating a histamine-like sub- 
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stance, presumably carried to the stomach 
by the circulating blood. 

Feldberg and Guimarais ®! showed that 
saliva contains a substance that causes a fall 
in blood pressure when injected intraven- 
ously. It could be differentiated from both 
histamine and acetylcholine. Ungar and 
Parrot © identified this hypotensive agent 
in saliva as_ kallikrein,8-®* a proteolytic 
enzyme that forms a vasodilator polypeptide 
when incubated with plasma globulin. It 
has been difficult to separate the actions of 
kallikrein, per se, from those of the poly- 
peptide formed when the enzyme acts on 
globulin, but presumably the substance re- 
sponsible for the fall in blood pressure is 
kallidin, a polypeptide formed by kallikrein 
acting on globulin present in the blood of 
the animal used for bioassay. Ungar and 
Parrot also observed that kallikrein stimu- 
lates gastric secretion and thus might possi- 
bly be the histamine-like substance that they 
had observed after stimulation of dorsal 
roots. They suggested that kallikrein can 
sometimes “‘play the role of a neurshumoral 
mediator." ©? Szakall ®* postulated that the 
“H substance" of Lewis is identical with 
kallikrein. 


Recently Hilton and Lewis 87° showed 
that a substance (presumably a proteolytic 
enzyme) capable of forming a vasodilator 
polypeptide when incubated with plasma 
globulin, is present in increased amounts 
in perfusate of the salivary gland after 
stimulation of the chorda tympani. They did 
not believe that the enzyme stemmed from 
nerve cells, but concluded that acetylcholine 
released by the postganglionic nerve fibers 
acts on the gland to heighten its cellular 
metabolism, and that it is this heightened 
metabolism that leads to a release of a pro- 
teolytic enzyme from the cells £ the sali- 
vary gland. A similar substance has been 
observed in subcutaneous perfusate of the 
skin during thermoregulatocy sweating ™! 
and in perfusate of the cat’s tongue during 
stimulation of the chordolingual nerve. 
Hilton and Lewis ™ failed to observe an 
increase of prsteolytic enzyme content of 
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arteriovenous perfusate of the skin of the 
cat during stimulation of the distal portion 
of the transected saphenous nerve. 


Substance P as a Mediator of Antidromic 
Vasodilatation —Hellauer and Umrath ® ob- 
served that extracts of dorsal roots possess 
greater vasodilator activity than do extracts 
of ventral roots. The activity of the extracts 
declined with time, but could be preserved 
by strychnine. They postulated that this 
vasodilator substance acted as a synaptic 
transmitter within the central nervous sys- 
tem. Lembeck ** concluded that the vaso- 
dilator substance in dorsal roots is substance 
P, and that it is a mediator of antidromic 
vasodilatation. Substance P78 is a vaso- 
dilator polypeptide that has been extracted 
from intestinal mucosa *®:79 and from brain 
tissue,79-80-82 as well as from dorsal roots.7°"§4 
To the present time there is no evidence 
that this substance is released during stimu- 
lation of dorsal root fibers. However, some 
evidence in favor of the hypothesis that 
substance P is implicated has been presented. 
By analogy with acetylcholine, Holton cca 
reasoned that the "transmitter substance" 
of afferent nerves would disappear rapidly 
from a mixed nenre during the degeneration 
of afferent fibers. Accordingly, segments of 
peripheral nerve were analyzed for substance 
P and for adenosine triphosphate (ATP). 
After transectioa the content of substance 
P fell rapidly, while that of ATP did not. 
Sympathectomy did not alter the content 
of either substance. 


The evidence implicating substance P in 
antidromic vasodilatation is inconclusive. 
While it does occur in the nervous system 
and is present in particularly large amounts 
in the dorsal roots, there is no evidence that 
it is released during antidromic vasodilata- 
tion. 

ATY as a Mediator of Antidromic Vaso- 
dilatation.— Holton and Holton *® demon- 
strated that ATP is present in dorsal root 
extracts. Recently Holton has shown that 
ATP is released into arteriovenous per- 
fusate of rabbits' ears during and immedi- 
ately following stimulation of the peripheral 
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portion of the transected great auric- 
ular nerve.8& The bioassay method (firefly 
luminescence) apparently is highly specific 
for ATP.87 The degree to which ATP 
contributes to antidromic vasodilation re- 
mains to be determined since the amounts 
of ATP that could be recovered in the per- 
fusate were small. The amount of ATP 
required to induce a degree of vasodilata- 
tion equivalent to that induced by a given 
stimulation was 100,000 times more than 
the maximum amount of ATP that could 
be recovered in the effluent. (In contrast 
Brown, Dale, and Feldberg *®8 were able to 
recover one part in a hundred of the amount 
of acetylcholine theoretically liberated in 
perfusate of sympathetic ganglia.) 


Neurogenic Vasodilatation (Flare) 
Evoked by Noxious Stimulation of Skin. — 
Miller in 1913 pointed out that the flare 
response from pinching, pricking, cutting, 
or other noxious stimulation is absent in 
regions of skin deprived of .their nerve 
supply because of injuries to peripheral 
trunks. Breslauer ®® induced flare in human 
skin by application of mustard oil and noted 
that while Rare did not occur in regions 
of skin that had been deprived of their 
innervation weeks or months before, it 
could still be evoked in patients with recent 
nerve injuries. 

Miller had suggested that cutaneous flare 
is dependent upon a spinal cord reflex, a 
view accepted by Krogh ® and Ebbeke,%? 
but Breslauer®® and Lewis and Grant,?-6 
studying persons with peripheral nerve 
injuries, concluded that an "axon reflex" 
mechanism similar to that described by 
Bruce *! and Bardy*® in the conjunctiva 
was correct, since they showed that a flare 
response could be evoked for several days 
after the pathways to the cord had been 
interrupted. 

The Concept of the "Axon Reflex” — 
Langley and Anderson % in 1894 suggested 
the possibility that certain reflexes take 
place entirely within a single neuron. 
Their formulation originally referred to the 
preganglionic neurons of the sympathetic 
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nervous system and later was extended to 
include reflex vasodilatation in _ intact 
skin.1819 Langley °° pointed out that the 
same nervous elements probably are im- 
plicated in both the cutaneous vasodilatation 
of the flare response to noxious stimulation 
and in the antidromic vasodilatation pro- 
duced by stimulation of dorsal roots. 


Woollard ** furnished anatomic evidence 
to support the concept of axon reflex vaso- 
dilatation by showing extensive branching 
of afferent nerves at their terminations and 
the proximity of some of the branches to 
the walls of the blood vessels. Recently 
Weddell 95-96 has carried out additional 
studies of morphological features of cutane- 
ous nerves. Physiological evidence for the 
existence of axon reflexes in the skin of 
frogs in which evoked responses to stimuli 
were observed both locally and several centi- 
meters from the site of stimulation was 
presented by Adrian, Cattell and Hoa- 
gland.°7 


Ebbeke,®° Krogh,?® Bruce,®! and Lewis * 
extensively explored the participation of the 
nervous system in local vascular reactions. 
Bruce ®! showed that vasodilatation and 
other features of inflammation after noxious 
stimulation of the conjunctiva of the rabbit 
are suppressed by local anesthetics and are 
diminished after degeneration of afferent 
fibers resulting from extirpation of the 
trigeminal ganglia serving the region. 
Similarly, Krogh ?® observed that capillary 
dilatation following application of noxious 
agents to the tongues of frogs disappeared 
if the nerve fibers were rendered inoperable 
by topical application of local anesthetics. 
Lewis and Grant's observations 2® demon- 
strated in subjects with peripheral nerve 
injury that the flare component of the triple 
response of the human skin to noxious 
stimulation could be evoked for 6 or 7 days 
after section of the nerve and then was 
absent. Thereafter, only the wheal and the 
"central red area" directly beneath the 
region stimulated noxiously could be ob- 
served. While they established that the link 
to the central nervous system is not essential 
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to the phenomenon of flare, they did not 
eliminate the possibility that, in the intact 
person, reflexes involving the central nerv- 
ous system also contribute. Reasoning from 
the dorsal. root ganglionectomy experiments 
of Bruce ' and of Bayliss,!7 these authors 
postulated that it is the degeneration of 
the afferent fibers in the skin that leads to 
absence of the flare. However, since the 
subjects studied had undergone transection 
of mixed nerve, the regions they studied 
lacked efferent and autonomic innervation 
as well. 


With laboratory animals, Celander and 
Folkow,®899 by means of  electrophysio- 
logical recording techniques, studied the 
fibers that participate in vasodilatation 
evoked by noxious stimulation and con- 
cluded that it is only "pain" fibers that are 
implicated, and that the fibers mediating 
temperature sensation do not contribute; 
i.e., "the function of the axon reflex is solely 
to evoke a local increase of the blood flow 
through superficial tissues exposed to nox- 
ious influences." They also noted that even 
very slow rates of discharge in the fibers 
that respond to noxious stimulation may 
induce almost maximal vasodilatation. 

Parrot 1° in 1943 suggested that the fibers 
responsible for cutaneous flare evoked by 
noxious stimulation are "not sensory but 
centrifugal fibers, just as in all other types 
of axon reflexes.’’!0! Kure also suggested 
that the fibers responsible for the vasodilata- 
tion resulting from stimulation of the periph- 
eral portion of transected dorsal roots 
were efferent fibers. However, to the present 
time, the existence of efferent fibers in the 
dorsal roots has not been demonstrable. The 
conclusion that all of the nerve fibers having 
their cell bodies in the dorsal root ganglia 
are afferent fibers is supported by the evi- 
dence that no synapses have been found in 
the spinal ganglia, and by the observation 
that the ratio of the total number of fibers, 
myelinated and unmyelinated in a root be- 
tween the ganglion and the cord to the 
total number of cells, large and small, in 
the spinal ganglion is 1 :1.1% 
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The Nature of the Mediator Substance 
Implicated in Axon Reflex Flare.— Lewis 4 
in 1927 postulated that noxious stimulation 
of the skin resulted in the local release of 
a histamine-like agent from cells in the skin. 
This agent, he suggested, stimulated the 
dermal endings of branched afferent fibers 
in the region, and through axon reflexes 
produced dilatation of small vessels. 
Krogh ”® extended this model by postulating 
that "H_ substance" is released at the ter- 
minations of the afferent fibers activated in 
these axon reflexes, and thus serves as the 
vasodilator mediator between the neuron 
and the blood vessels. 


Dale and Gaddum ** favored acetyicho- 
line as the agent acting between the neuron 
and the blood vessel. However, since it is 
now established that antidromic vasodilata- 
tion evoked by stimulation of the distal 
portion of transected afferent fibers is 
neither inhibited by atropine nor potentiated 
by eserine,®® it is unlikely that acetylcholine 
is the vasodilator substance active at this 
site in axon reflex vasodilatation. 

Lewis’ concept * that histamine released 
locally in skin exposed to noxious stimu- 
lation can serve to activate afferent nerves 
in that region has been supported by subse- 
quent findings,’ but the suggestion that 
histamine is released at the termination of 
the activated neurons has not. 


Antihistaminics diminish the cutaneous 
flare induced by intradermal administration 
of histamine or snake venom and the flare 
reaction to cold in patients with urticaria! 
Tn contrast, flare evoked by electrical stimu- 
lation of human skin, presumably stimulating 
cutaneous nerves directly, is not antago- 
nized.!4 These observations suggest that 
histamine is implicated in reflex vasodilata- 
tion only within the zone of noxious stimu- 
lation, and not at the termination of the 
activated neurons. Parrot 1! concluded that 
"after irritation of the skin, histamine re- 
leased by injured cells is able to stimulate 
peripheral endings of the vasodilator fibers 
and elicit a vasodilator response," and, 
therefore, "histamine acts not as a mediator 
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at the end of the axon reflex, but as the 
stimulus at its origin.” 


Observations from this laboratory  ap- 
parently indicated that histamine was impli- 
cated in the vasodilatation occurring near 
the termination of fibers activated in local 
neuron reflexes, since it was demonstrated 
that an antihistamine agent, tripelennamine, 
dropped onto the surface of the eye an- 
tagonizes the vasodilatation of the bulbar 
conjunctiva that results from noxious 
stimulation (application of hypertonic sa- 
line) to the nasal mucosa. However, the 
significance of this observation for the role 
of histamine, per se, in neurogenic vaso- 
dilatation is limited by the possibility that 
in relatively high concentration, such as 
might be achieved during local application in 
the eye, antihistiminics may antagonize the 
action of substances other than histamine. 
Indeed, tripelennamine (1-5 mg/kg) and 
other antihistamine agents have been shown 
in this laboratory by Zileli to antagonize the 
hypotensive action of certain vasodilator 
polypeptides.16 

Does the Mediator of Axtidromic Vaso- 
dilatation Lower the Threshold for Neuron 
Firing ?—Foerster’s experiments,?” in which 
painful sensations were induced by stimu- 
lation of the peripheral portion of transected 
dorsal root fibers, and the observations of 
Bilisoly et al.7 that the pain threshold is 
lowered during the phase of active vaso- 
dilatation in regions of cutaneous flare 
induced by noxious stimulation, raise the 
possibility that the neurohumoral vasodilator 
mediator substance has the ability to lower 
the threshold for activating the neurons 
subserving pain- sensation (although it is 
conceivable that these actions are produced 
by separate mediators). Experimental evi- 
dence that a substance released during 
stimulation of peripheral ends of transected 
cutaneous nerves has the action of lowering 
the threshold for firing of afferent nerves 
has been furnished recently by Habgood.}0? 
He removed 2 pieces of frog skin, preserv- 
ing a length of cutaneous nerve in each. The 
2 pieces were placed in such a way that 
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their under-surfaces were contiguous. He 
recorded from the nerve of one and stimu- 
lated the nerve serving the other. He demon- 
strated that the threshold for evoking a 
response in the nerve of the first piece of 
skin by applying pressure on it was lowered 
when the nerve serving the other piece of 
skin was stimulated. At times, stimulation 
of one nerve would lead to spontaneous 
activity in the other. Then, studying single 
pieces of skin with several cutaneous nerves 
preserved in such a way that the areas 
subserved by 2 of them overlapped, he 
showed that stimulation of one of these 
nerves led to spontaneous responses in the 
adjoining nerve. He inferred that a neuro- 
humoral agent, perhaps similar to hista- 
mine, was released by stimulation of the 
first nerve that lowered the threshold of 
discharge for the second. 

Thus, much evidence indicates that when, 
as the result of noxious stimulation, im- 
pulses pass antidromically in the terminal 
branches of certain peripheral nerves having 
their cell bodies in the dorsal roots a neuro- 
humoral substance is released or formed. 
In an attempt to define this substance, 
previous studies from this laboratory *}¢ 
established that in man the amount of a 
substance with pharmacodynamic properties 
resembling those of the group of vasodilator 
polypeptides called kallidin,® bradykinin,’ 


TABLE 1.—Cerebrospinal Fluid Incubated with 
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or plasma kinin 1% increases significantly 
in subcutaneous perfusate during the period 
of active vasodilatation of flare induced 
by noxious stimulation. It was also ob- 
served 119141 that a substance with similar 
properties * is formed when cerebrospinal 
fluid (CSF) collected from patients with 
disorders of the central nervous system is in- 
cubated with plasma globulin. (See Table 1.) 

Experiments were conducted to extend 
these observations and to define the prop- 
erties of the relevant agent more precisely. 


Method 


1. The Neuroanatomic Basis of Cutaneous Vaso- 
dilatation (Flare) Evoked by Noxious Stimulation 
of the Skin. —The cutaneous response to intra- 
dermal injection of histamine (0.05 cc. histamine 
phosphate 1:1,000) was observed in subjects with 
(a) transection of peripheral nerve, (b) sympa- 
thectomy, (c) section of dorsal root between the 
ganglion and the spinal cord, and (d) extirpation 
of dorsal root ganglia. The color and the extent 
of the wheal and, when present, the flare, were 
recorded. 

2. The Neurohumoral Basis of Cutaneous Vaso- 
dilatation (Flare) Induced by Noxious Stimula- 
tion of the Skin.—A. Flare Evoked by Noxious 


Also, in laboratory animals, the capacity of 
perfusate of the cerebral ventricles and sub- 
arachnoid space to form this substance when 
incubated with globulin was increased after stimu- 
lation of the central portion of the transected 
sciatic nerve, suggesting that a proteolytic enzyme 
was released within the brain.” 


Plasma Globulin: Number of Milliunits of 


Bradykinin Required to Induce a Response Equal to That Induced by I Cc. CSF 


Specimen No. Duodenum Uterus 
CSF 1 40 2.2 
2 50 2.6 
3 60 
4 35 _ 
5 25 1.25 


U B.P. 

Blood Pressure D. D. 
2,000 0.055 5a 
2,000 0.053 40 
2,000 a 3a 
800: a 2a 

an 0.050 
Average 0.052 36 


The specimens of cerebrospinal fluid were collected from hospitalized patients with a diagnosis of chronic schizophrenia. The cere- 
brospinal fluid was collected into polyethylene tubing and stored in solid carbon dioxide. Immediately after thawing specimens of 
cerebrospinal fluid were incubated with an equal volume of a1% solution of globulin (Nutritional Biochemical Company, Bovine 
Globulin Fraction 11) for 3 minutes at 37 C and then placed in a boiling water bath for 5 minutes. After cooling, the specimens were 
divided for assay into 2 portions. One portion was added toa smooth muscle bioassay chamber containing both rat uterusand rat duo- 
denum, and the other was injected intravenously into a rat prepared for recording of arterial blood pressure. 

The response of the uterus and the duodenum, as well as the blood pressure, to several amounts of bradykinin had previously been 
determined. The response to the specimen of incubated CSF + globulin then was expressed as the amount of bradykinin required to 
induce an equivalent response. The relatively constant ratios of uterus to duodenum and blood pressure to duodenum suggest that 
the observed activity stems from a single substance. 
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Stimulation of the Skin: The subcutaneous tissue 
of the volar surface of the forearm was perfused 
with isotonic saline and the perfusate assayed 
before and after flare was induced by pinching 
and crushing with forceps, by faradic stimulation 
of the skin, by thermal injury with radiant 
energy, or by intradermal injection of histamine 
(0.05 cc., 1:1,000). Noxious stimulation of the skin 
was applied 2 to 4 cm. distant from the location 
of the perfusion needles to insure that the per- 
fused region was in the zone of "flare," and not 
directly underlying the damaged area. Forty-three 
perfusion experiments on 12 subjects were per- 
formed. 

B. Reactive Hyperemia: By way of contrast, 
non-neurogenic vasodilation (reactive hyperemia) 
was induced after 7 to 12 minutes’ interruption 
of the circulation of the arm by means of a 
manometer cuff about the upper arm in 4 normo- 
tensive subjects. The cuff was inflated to a 
pressure of 220 mm. of mercury. Samples of 
subcutaneous perfusate were collected during a 6- 
minute control period before the cuff was 
inflated, during the period of occlusion, and for 
5 3-minute intervals during the period of reactive 
hyperemia after deflaticm of the cuff. 

C. Cutaneous Vasodilatation Induced by Stimu- 
lation of Dorsal Roots: The subcutaneous tissue 
underlying the skin subserved by dorsal nerve 
roots being sectioned for relief of intractable pain 
in patients with tumor of the apex of the lung 
was perfused with isotonic saline. The perfusate 
was assayed before and after antidromic vaso- 
dilatation was induced by mechanical (surgical 
trauma) and electrical ¢ stimulation of the periph- 
eral portion of the divided dorsal root. A series 
of experiments with 3 subjects was performed. 

D. Collection of Subcutaneous Perfusate: The 
method used was a modification of that of Fox 
and Hilton." Two hypodermic needles (No. 20) 
with 4 perforations in the shafts (specially made 
by Becton, Dickinson & Co., Rutherford, N.J.) 
were inserted into the relevant subcutaneous tissue 
parallel to each other and approximately 1.5 cm. 
apart. Sterile isotonic saline (0.05 cc/min.) was al- 
lowed to drip into the tissues through one needle. 
The outflow from the other needle was collected in 
a siliconed syringe (1 cc. or 0.25 cc.) or in a 20- 
inch length of polyethylene tubing (Venotube, Ab- 
bot Laboratories) attached to the outflow needle. 
Slight negative pressure was maintained by means 
of a 50 cc. syringe joined to the other end of the 
tubing. The perfusion site was gently massaged 
to facilitate flow. Specimens were assayed im- 
mediately after the collection period or stored 
in solid carbon dioxide until assayed. In order 
to “pool” samples collected over periods longer 


T60 c.p.s. sine wave, 3 volts, 2 minutes, Hinsey- 
Geohagan stimulator. 
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than 3 minutes, the samples were stored in 1 cc. 
polyethylene centrifuge tubes suspended in ice 
water for 10-30 minutes until assayed. 

E. Reinjection of Perfusate: In 3 subjects, per- 
fusate collected before and during flare induced 
by pinching and crushing the skin with forceps 4 
cm. from the perfusion needles was reinjected 
into the skin of the back. After insertion of the 
needles and introduction of approximately 2 cc. 
of sterile saline, the needles were left in place 
for 30 minutes to allow the reaction of the per- 
fusion procedure to abate. Perfusate was then 
collected during 5-minute intervals into a small 
(0.25 cc.) siliconed syringe and aliquots (0.05 cc.) 
of the perfusate collected during that time re- 
injected intradermally with a No. 25 needle. The 
subject was queried about the nature of the sensa- 
tions that resulted from the injections. The site of 
the injections was observed carefully for 10 minutes 
and the maximal extent of the wheal and the 
flare were outlined with ink. The outlines were 
then transferred to tracing paper. 

F. Bioassay with Smooth Muscle: Virgin female 
rats (150-200 gm.) were stunned by a blow on 
the head and bled to death. The bicornuate uterus 
and the first 8 to 10 cm. of duodenum proximate 
to the pylorus was immediately removed and 
placed in modified Ringer-Locke solution. In 
most assay procedures this solution contained per 
liter, NaCl, 9.0 gm., KCI, 0.42 gm., CaCle, 0.06 
gm., dextrose, 0.5 gm., NaHCOs, 0.5 gm., and 
distilled water to volume. In others, the CaCle 
was reduced to 0.02 gm/L. 

A single horn of the uterus and a segment of 
duodenum were cut to suitable length (4-5 cm.) 
and the adherent connective tissue, blood vessels, 
and fat carefully dissected away. After rinsing 
the interior of the tubular muscles with the saline 
solution they were tied at both ends with cotton 
thread. Both muscles were mounted in a single 
3 cc. chamber, one end of each being secured to 
the bottom of the chamber and the other to a 
frontal recording lever that recorded the relaxation 
or contraction of the muscles on a smoked paper 
kymograph. The chamber was filled with the 
saline solution and a constant vigorous stream of 
room air introduced in the bottom of the chamber 
through a small (No. 25) hypodermic needle. The 
entire chamber was placed in a constant tem- 
perature water bath maintained at 29C. Since 
preliminary studies *** had demonstrated that a sub- 
stance resembling bradykinin 7 appeared in sub- 
cutaneous perfusate during reflex flare induced 
by noxious stimulation, this substance was used 
to calibrate the bioassay systems. (Bradykinin 
was kindly furnished by Professor Maurici 
Rocha e Silva, University of Sao Paulo, Ribeirdo 
Préto, Brazil.) After mounting the muscles in 
the chamber, the leverage and counterbalance 
weights were adjusted until responses of suitable 
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magnitude to 2-5 milliunits of bradykinin were 
achieved (magnification approximately 18 times 
for duodenum, 10 times for uterus; appropriate 
tension was induced by weights of approximately 
0.5 gm. for uterus and 0.25 gm. for duodenum). 
If an adequate response to 5 milliunits of brady- 
kinin could not be achieved the muscles were 
discarded. The responses to several amounts of 
bradykinin in the range anticipated to be ap- 
propriate for the specimens were then recorded. 
At least 3 different points for a "dose response 
curve" were plotted. Aliquots of the specimens 
were then added each 6 minutes and allowed 
to remain in the bath for 114 minutes. The muscles 
were washed by alternate filling and draining of 
the chamber 3 times with the saline solution. For 
assay with the guinea pig ileum, Tyrode solution 
maintained at 37C was used. 

G. Bioassay with Rat Blood Pressure: Rats 
weighing 150-200 gm. were anesthetized by intra- 
peritoneal injection of sodium pentobarbital (30 
mg/kg and additional amounts as necessary to 
maintain anesthesia). After tracheotomy, small 
bore polyethylene tubing was introduced into the 
jugular vein or the dorsal vein of the penis to 
permit intravenous administration of the material 
to be assayed. Polyethylene tubing joined the 
carotid artery to a recording manometer for 
registration of arterial blood pressure. As an anti- 
coagulant, 50 units of heparin in 1 cc. of isotonic 
sodium chloride solution were injected intravenous- 
ly. The depressor response to 500 and to 1,000 
milliunits of bradykinin served to calibrate the 
respcmse to specimens of the subcutaneous per- 
fusate. The blood pressure was allowed to 
recover to the original pressure between ad- 
ministration of specimens. 


Results 


I. Properties of Subcutaneous Perfusate 
Collected During Vasodilatation Evoked by 
Noxious Stimulation of the Skin. — A. Rein- 
jection of perfusate: Perfusate collected 
during the control period, (30 minutes or 
more after inserting the needles and begin- 
ning the perfusion) resulted in pain no 
greater than that resulting from injection of 
an equal volume of isotonic saline. The 
wheals and the flare evoked by control per- 
fusate also approximated in size and color 
those resulting from isotonic saline. When 
flare was induced by pinching and crushing 
of the skin adjacent to the perfusion area, 
the perfusate acquired the capacity to induce 
more severe pain than that induced by 
intradermal injection of isotonic saline. The 
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TRACINGS OF FLARES 
INDUCED BY RE-INJECTION OF PERFUSATES 


CM. 
CONTROL PERFUSATE 
PERFUSATE COLLECTED DURING 


NOXIOUS STIMULATION 


Fig. 1.—Tracings of area of wheal and of flare 
reaction induced by intradermal reinjection of sub- 
cutaneous perfusate, demonstrating that a mediator 
substance is elaborated during the flare reaction. 
Perfusion needles were inserted into the sub- 
cutaneous tissues of the volar surface of the 
forearm and slowly perfused with normal saline 
(1 drop introduced each 20 seconds). A 30-minute 
period was allowed to elapse to permit the reaction 
to the injury of establishing the perfusion pro- 
cedure to diminish. The perfusion rate was then 
raised to 12 drops per minute. Perfusate was 
collected directly from the perfusion needles 
into a siliconed syringe. After a 5-minute collection 
interval, an aliquot (0.05 cc.) of the perfusate was 
reinjected intradermally into the skin of the 
subject's own back. The maximum extent of the 
peripheries of the wheal and the flare were outlined 
in ink and traced onto transparent paper. (1) and 
(2)— Reactions to control perfusate. The skin 4 
cm. from the perfusion needles was then pinched 
and crushed with forceps to induce a flare reaction. 
(3)—Reaction to perfusate collected during first 
5-minute interval after beginning noxious stimula- 
tion. (4)—.Reaction to perfusate collected during 
second 5-minute interval after beginning noxious 
stimulation. 


pain was "burning" in quality, and lasted 
for 15 to 30 seconds after the injection. The 
area of the flare induced by this latter per- 
fusate was predictably greater than that 
induced by control perfusate, and the flare 
zone had a more intense red color (see 
Fig. 1). 

B. Bioassay of the Perfusate: The initial 
specimens of perfusate collected shortly 
after inserting the needles contracted the 
uterus and relaxed the rat duodenum, but 
were inert as regards the blood pressure of 
the rat. The activity of subsequent speci- 
mens as assayed with the uterus and duo- 
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BIOASSAY OF SUBCUTANEOUS PERFUSATE 
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150 -- Rat duodenum 
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Rat uterus 
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Fig. 2.—Bioassay of subcutaneous perfusate, 
demonstrating that a pharmacodynamically active 
material is elaborated during flare evoked by 
noxious stimulation, but not during reactive hyper- 
emia. The 3 bioassay systems were calibrated with 
bradykinin. (1) Perfusate collected during the 
first 5 minutes after inserting the perfusion nee- 
dies. (2) Six to 12 minutes after insertion of 
needles. (3) Twelve to 18 minutes after needle 
insertion (control level). (4) During reactive 
hyperemia (0 to 6 minutes after deflating occlu- 
sion cuff). (5) Zero to 6 minutes after beginning 
noxious stimulation of the skin (faradic current 
for 3 minutes) and during onset of reflex flare. 
(6) Six to 12 minutes after beginning noxious 
stimulation of the skin. The specimens of per- 
fusate were pooled at 3-minute intervals and 
stored at 3-4 C. 


dentm diminished to a low constant level 
approximately 10-20 minutes after begin- 
ning the perfusion. This base line level of 
activity sometimes was too small to be 
observed. The perfusate collected during 
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the onset of flare predictably increased in 
its ability to relax the isolated rat duodenum 
and to contract the rat uterus. It also ac- 
quired the capacity to depress the blood 
pressure of the rat (0.05 cc. of the active 
perfusate resulted in a fall of blood pressure 
equivalent to 30-50 mm. of mercury, Figs. 
2 and 3 and Table 2). The capacity of the 
perfusate to induce contractions of the 
guinea pig ileum did not increase above a 
low control level during the course of the 
flare reaction. 

During the onset of flare, although the 
input rate remained constant, the volume 
of fluid collected from the outflow needle 
increased from 3 to 9-fold during the 
first 6-9 minutes after noxious stimulation. 
The swollen region at the perfusion site 
also became softer and its boundaries less 
well defined. 


Specimens lost their activity when al- 
lowed to stand at room temperature for 
15 to 30 minutes, but they could be stabi- 
lized by heating in a boiling water bath for 
5 minutes. Incubation with chymotrypsin 
for 5 minutes at 37 C inactivated the stabi- 
lized specimens, suggesting that the active 
substance is a polypeptide, possibly pro- 
duced by proteolytic enzyme action (Fig. 
4). Evidence that in addition to the poly- 
peptide, the perfusate collected immediately 
after noxious stimulation also contains a 
proteolytic enzyme capable of forming the 
polypeptide was obtained through the ob- 
servation that perfusate collected at this 


Tasie 2.— Subcutaneous Perfusate Collected from a Region of Reflex Vasodilatation 
Evoked by Noxious Stimulation of the Skin: Number of Millwunits of Bradykinin 
Required to Induce a Response Equal to That Induced by 1 Cc. of Specimen 


Specimen No. Duodenum Uterus 
Reflex flare 1 600 30. 
perfusate 
2 50 ee 
3 160 10 
4 200 48 


u. B.P. 
Blood Pressure D. D. 
20,000 0.050 23 
1,200 «= 25 
a 0.062: ae 

7,500 0.090: 37.5 
Average 0.067 31 


Specimens of subcutaneous perfusate collected during the 0-to-3-minute and the 3-to-6-minute intervals after beginning noxious 
stimulation (faradiccurrent) were pooled. The container of the pooledspecimens was maintained at the temperatureof ice water until 
it was placed ina boiling water bath for 5 minutes. After cooling, the specimens were assayed asin Table 1. As with the cerebrospinal 
fluid-globulin mixtures, the relatively constant ratios observed suggests that the activity stems from a single subetance. 
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Uterus 


Duodenum 


60 sec 


Fig. 3—Bioassay of subcutaneous perfusate col- 
lected before and during reflex flare induced by 
faradic stimulation, showing the action of the 
perfusate on isolated rat duodenum, isolated rat 
uterus, and blood pressure of a rat. (1) Pooled 
“control" sample, 0.1 cc., collected during a 6- 
minute period beginning 12 minutes after insertion 
of the needles and ending shortly before noxious 
stimulation of the skin (faradic current). (2) 
Bradykinin, 20 milliunits. (3) Pooled perfusate, 
0.1 cc., collected during the first 3 minutes of the 
reflex flare. (4) Pooled perfusate, 0.1 cc., col- 
lected during the 3- to 6-minute interval of reflex 
flare. (A) 0.2 cc. pooled control perfusate; (B) 
bradykinin, 500 milliunits; (C) 0.1 cc. pooled per- 
fusate collected during the first 3 minutes of reflex 
flare; (D) 0.1 cc. of pooled perfusate collected 
during 3 to 6 minute interval of reflex flare. The 
pooled samples were stored in ice water for 10-20 
minutes at 3-4C until they were assayed. 


time increased in potency if incubated with 
globulin for 3 minutes (Fig. 5). Perfusate 


collected shortly thereafter lost potency 
during incubation. 
The heat-stabilized specimens demon- 


strated a constant ratio of activity (as re- 
lated to the bradykinin standard) on rat 
uterus, rat duodenum, and rat blood pres- 
sure among specimens from several experi- 
ments and for a single specimen assayed 
after 3-, 5-, and 7-minute incubation with 
chymotrypsin. These observations suggested 


that the pharmacodynamic properties ob- « 


served in the perfusate during the develop- 
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Duodenum 


Blood pressure 


=A 
60 sec 


Fig. 4.—Destruction of active substance in per- 
fusate collected during reflex flare by incubation 
with chymotrypsin. Reflex flare specimens were 
collected and pooled during the 6-minute period 
after the beginning of noxious stimulation (faradic 
current). The specimens were then stabilized by 
5-minute immersion in a_ boiling-water bath. 
Chymotyrpsin (1 mg. of chymotrypsin per cc. of 
perfusate) was allowed to act at 37 C for 3, 5, 
and 7 minutes. The action of the enzyme was 
stopped by reheating in the boiling water bath. 
(1) 0.1 cc. perfusate, without chymotrypsin; (2) 
0.2 cc. perfusate, 3-minute incubation with chymo- 
trypsin; (3) 0.2 cc. perfusate, 5-minute incuba- 
tion, with chymotrypsin; (4) 0.2 cc. perfusate, 
7-minute incubation, with chymotrypsin; (5) 0.1 
cc. perfusate without chymotrypsin. (A) Brady- 
kinin, 500 milliunits; (B) 0.1 cc. perfusate, no 
chymotrypsin; (C) 0.2 cc. perfusate, 3-minute in- 
cubation with chymotrypsin; (D) 0.2 cc. per- 
fusate, 5-minute incubation, with chymotrypsin; 
(E) 0.2 cc. perfusate, 7-minute incubation with 
chymotrypsin. 


ment of flare evoked by noxious stimulation 
are due to a single substance. The possibility 
that this constant ratio resulted from a mix- 
ture with uniform proportions of different 
substances seems less likely (Table 2). 


The substance in the heat-stabilized speci- 
mens of perfusate had many of the pharma- 
codynamic properties of oxytocin 1° and of 
the vasodilator polypeptides termed brady- 
kinin,''* kallidin,45 and plasma kinin.1° 
However, when analyzed quantitatively us- 
ing several assay procedures, it became less 
likely that the substance is identical with 
any of these. Polypeptides were prepared 
by incubating the following proteolytic 
enzymes with plasma globulin followed 
by heating in a boiling water bath: plasma 
kallikrein, urinary kallikrein, pancreatic 
kallikrein, and trypsin. It was_ possible 
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Fig. 5.—Bioassay (isolated rat duodenum) of 
subcutaneous perfusate collected before and after 
noxious stimulation (faradic current for 2 min- 
utes) of the skin, demonstrating that perfusate 
collected immediately after noxious stimulation, 
but not thereafter, increases in its pharmacody- 
namic activity if incubated with globulin, indicat- 
ing the presence of a proteolytic enzyme at that 
time. The arrow indicates the beginning of noxious 
stimulation of the skin. The perfusate was divided 
into 2 portions; one-half was assayed immediately 
(open figures), and the other half was incubated 
with globulin for 3 minutes before being assayed 
(solid figures). 


to discriminate between the properties of 
the substance formed during flare from 
those of each of the polypeptides formed 
by these proteolytic enzymes. For example, 
reduction of the calcium concentration in 
the nutrient bath (from 0.06 to 0.02 gm. 
CaCle/L) permitted discrimination of the 
substance from bradykinin, the polypeptide 
formed by brief incubation of globulin with 
trypsin or snake venom, since it was found 
that in this solution the uterus retains its 
sensitivity to bradykinin but is much less 
sensitive to the substance observed in the 
perfusate. When equated in terms of the 
response of the duodenum, in solutions con- 
taining 0.02 grn. CaCle/L, the ratio of ac- 
tivity of the substance to bradykinin on the 
uterus was approximately 1 to 15. In solu- 
tions containing 0.06 gm. CaCle/L the ratio 
was approximately 1 to 2. Also, when 
judged equiactive by bioassay with the duo- 
denum, the substance was much more potent 
than bradykinin on the rat blood pressure. 
When equated in terms of the response of 
the duodenum in solutions containing 0.02 
CaClo/L, the ratio of the activity of the 
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substance to bradykinin on the rat blood 
pressure was approximately 36 to I. 

The properties of the substance are not 
those of epinephrine, norepinephrine, hyper- 
tensin, pepsitensin, acetylcholine, hista- 
mine, serotonin, adenosine, ATP, potassium 
or isopropyl norepinephrine (Table 3). It 
has certain features in common with, but 
can be differentiated from, a number of 
vasodilator polypeptides and protmlytic en- 
zymes that form vasodilator polypeptides. 
It closely resembles oxytocin, but when 
equated in terms of the response of the 
duodenum, it has a more powerful depressor 
action on the blood pressure of the rat and 


TABLE 3.—Diff erentiation of Other Substances That 

Occur in the Body from the Pharmacodynamically 
Active Substance .Present in Heat-Stabilized 

Specimens of Subcutaneous Perfusate Collected 
fon a Zone of Cutaneous Vasodilatation- 
Induced by Noxious Stimulation of the Skin 


A. The pharmacodynamic properties of the perfusate diminish 
slowly at room temperature but can be observed for 10-15 
minutes after collection. The activity of the perfusate can be 
stabilized by boiling in a water bath, and the activity of heat 
stabilized specimens is destroyed by brief incubation with 
chymotrypsin. These observations indicate that the active 
substance is a polypeptide and permit its discrimination from 
a number of nongolypeptide local hormones, neurohumors, 
and agents that have been suggested to be relevant to pain. 
1. Agents that are not destroyed by chymotrypsin: 

Epinephrine, norepinephrine, isopropyl norepinephrine, 
acetyleholine, adenosine, potassium, histamine, and A TP 

2. Proteolytic enzymes: 

Kallikrein— pancreatic, urinary, or from plasma, *%11® 
plasmin, '®** globulin permeability factor?¢2185 

B. Since the substance depresses the arterial blood pressure of 
the rat it can be discriminated from polypeptides that are 
hypertensive or that do not alter the blood pressure of 
mammals: 

1. Vasopressin,?!% hypertensin, pepsitensin, pepsaneurin and 
pepsitocin,!*7 leukotaxine.!7! Of the hypotensive poly- 
peptides, the substance can be differentiated from those 
that induce contraction of the isolated rat duodenum: sub- 
stance Prs* 

D, Parallel assay with the rat uterus, rat duodenum, and blood 
pressure of the rat permits discrimination of the substance 
from others qualitatively similar: 

1. In de Jalon's solution the amount of the substance neces- 
sary to induce a minimal relaxation of the isolated rat duo- 
denum is approximately the same as the amount necessary 
to induce a minimal contraction of the rat uterus. In con- 
trast, approximately 1,000times more oxytocin is required 
to induce relaxation d the rat duodenum than is required 
to contract the rat uterus.15° 

. When equated in terms of the response of the rat duode- 

num, bradykinin is less active on the rat blood pressure 
and more a¢tive on the rat uterus than is the substance 
(see Figs, 2°and 3). Kallidin (formed by human urinary 
kallikrein acting on ox globulin) and pain-producing sub- 
stance (formed by glass activation of human plasma) are 
apparently not distinguishable from bradykinin when 
assayed in parallel on different tissues. 199 


N 
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Tas_eE 4.— Subcutaneous Perfusate Collected from Regions of Noxious Stimulation of the Skin: Number 
of Milliunits of Bradykintn Required to Induce a Response Equal to That Induced by 1 Cc. of Specimen 


U. 

Specimen No. Duodenum Uterus B.P. D. 
Initial #1 95 100 No action 1.05 
Perfusate #2 200 200 No action 1.00 
#8 150: 170 No action 1.13 

Thermal #1 40 50 No action 1.25 


Injury 


The initial, perfusate was collected during the 3-minute-interval immediately after introducing the perfusion needles and beginning 
the inflow of saline. The thermal injury specimen was collectedaftera suitable control period during which the activity in specimens 
had fallen below the limits of sensitivity of the method. The specimen was collected during the 3-minute interval after applying a 
damaging amount of thermal radiation (500/me/em sq. /see for3 seconds) to a region of blackened skin directly over the perfusion Site. 


is less powerful in its capacity to contract 
the uterus. 

The elaboration of the active substance 
in subcutaneous perfusate is not the result 
of vasodilatation alone, since in all 4 in- 
stances perfusate collected during nonneu- 
rogenic vasodilatation (reactive hyperemia) 
did not increase in activity above control 
levels with the methods used (see Fig. 2). 

Il. Bioassay of Perfusate Collected Di- 
rectly beneath a Zone of Thermal Injury.— 
In 2 experiments the skin directly over the 
perfusion site was burned by exposure to 
radiant energy. This procedure resulted in 
a small increase in activity of the perfusate 
on the uterus and duodenum. With the 
amounts of perfusate available no significant 
action on the blood pressure of the rat 
could be observed. The perfusate collected 
under these conditions, as well as the fluid 
collected immediately after inserting the 
needle (Table 4) contained a substance with 
properties indistinguishable from those of 
bradykinin with the methods used. Much 
more bradykinin (approximately 500 milli- 
units) is required to induce an observable 
depressor response in the rat blood pressure 
than is required to induce an observable 
response of the rat uterus or duodenum 
(approximately 5-10 milliunits). 

ITT, Bioassay of Perfusate Collected Dur- 
ing Stimulation of the Distal Portion of 
Transected Dorsal Roots.—In 3 subjects 
undergoing rhizotomy performed for in- 
tractable pain, the subcutaneous tissues un- 
derlying the skin subserved by the dorsal 
roots being sectioned were perfused and 
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Fig. 6.—Method of collecting subcutaneous 
perfusate before and during antidromic vasodila- 
tation in the skin induced by stimulation of the 
distal portion of a transected dorsal root after 
rhizotomy performed for intractable pain. 


control specimens of perfusate collected be- 
fore cutting the nerves. When the roots 
had been transected, their distal portion was 
stimulated electrically, and samples of per- 
fusate again collected (Fig. 6). In 2 ex- 
periments, the epaulet area of the shoulder 
was perfused while roots C4 and Cs were 
stimulated. In the third subject the skin of 
the forearm was perfused while roots Cs 
and Ti were stimulated. Bioassay of the 
perfusate indicated that perfusate collected 
during such stimulation contained a sub- 
stance that is similar to the substance found 
in subcutaneous perfusate during flare re- 
sulting from noxious stimulation of the 
skin. Other substances which remain at 
present undefined also are present in ap- 
preciable amounts (Fig. 7). 

IV. Similarity of the Properties of the 
Substance Formed During Flare Induced 
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Fig. 7-—Bioassay of subcutaneous perfusate 
collected before and during stimulation of the 


distal portion of a transected dorsal root in man, 
demonstrating, that a pharmacodynamically active 
material is elaborated in the periphery. 


by Noxious Stimulation to Those of a Sub- 
stance Formed by Incubation of Cerebro- 
spinal Fluid with Globulin. — Comparison of 
the properties of the substance formed dur- 
ing flare induced by noxious stimulation 
with those ¢ the substance formed by 
incubation of cerebrospinal fluid with plas- 
ma globulin by means of quantitative assay 
with the rat uterus, duodenum, and blood 
pressure indicated that the 2 substances 
closely resemble each other or are identical 
(Tables 1 and 5). 


V. The Neuroanatomic Basis of Cutane- 


ous Vasodilatation (Flare) Evoked by 
Noxious Stimulation of the Skin.—A. 
Transection of Peripheral Nerve: Two 


subjects with accidental transection of a 
peripheral nerve became available for study. 
A bullet wound damaging the brachial 
plexus sustained 2 months before study in 
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TaBLE 5.—Units of "Unknown" Substance 
Required to Induce Effect Equal to 
One Unit of Bradykinin 


Rat Duo- Rat Blood Pressure 
denum Uterus of Rat 
CSF + globulin 1 19 0.03 
Reflex flare perfusate 1 15 0.03 
Thermal injury perfu- 
sate 1 1 No action 
Initial perfusate 1 0.8 No action 


This table is based on the data provided in Tables 1, 2, and 4. 
One unit of the "unknown" substancewas defined as theamount 
of specimen necessary to induce a relaxation of the rat duodenum 
(ina solution containing0.02 gm. CaCl 2/L) equal to that induced 
by 1 unit of bradykinin. The ratios for the CSF +- globulin mix- 
ture and for the subcutaneous perfusate collected during the on- 
set of "reflex flare" induced by noxious stimulation are similar, 
suggesting that the activity of the specimens results from the 
same substance. Since these ratios differ greatly from unity, it is 
evident that the active agent is not bradykinin. The specimens 
of subcutaneous perfusate collected at the beginning of the per- 
fusion ("initial perfusate") and the specimens collected directly 
underlying a regior. of thermal injury contained another sub- 
stance that was relatively more active on the uterus, and less 
active on the blood pressure. Since the observed ratios approxi- 
mate unity, the active substance in these perfusates may be 
bradykinin. 


one subject and a bullet wound involving 
the common peroneal nerve sustained 12 
days before study in the second had re- 
sulted in areas of cutaneous anesthesia. It 
was demonstrated that flare did not occur 
in response to noxious stimulation (intra- 
dermal injection of 0.05 cc. histamine, 
1:1,000) within these anesthetic areas. Also, 
analysis of subcutaneous perfusate revealed 
no increase over control levels of pharmaco- 
dynamically active substance in the regions 
adjacent to sites of noxious stimulation. 
B. Sympathectomy: The possibility that 
the sympathetic nervous system participates 
in flare resulting from noxious stimulation 
was examined by study of a subject whose 
forearm was deprived of sympathetic in- 
nervation. Twelve years before the subject 
had been treated for Raynaud's syndrome 
by bilateral upper thoracic sympathectomy 
and bilateral anterior rhizotomy of the first 
thoracic nerve. The sympathetic chain was 
divided below the third ganglion, and the 
second and third intercostal nerves were 
resected. The stellate, second, and third 
ganglia and the central attachment of the 
first thoracic root were left intact. The first 


thoracic anterior root was transected bi- 
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laterally, leaving the posterior roots intact. 
The absence of sympathetic innervation in 
the region of the forearm studied was dem- 
onstrated by the failure of noxious stimula- 
tion to evoke sweating, as shown by the 
starch-iodine method and by the failure of 
noxious stimulation to cause changes in the 
electrical resistance of the skin. Neverthe- 
less, flare indistinguishable from that ob- 
served on the patient's other, intact, forearm 
resulted from noxious stimulation. Analysis 
of subcutaneous perfusate demonstrated the 
usual increased amounts of pharmacody- 
namically active substance during the de- 
velopment of the flare. 

C. Section of Dorsal Roots Proximal to 
Ganglia: After noxious stimulation of the 
skin by intradermal histamine, a_ typical 
flare and the usual increase of the phar- 
macodynamically active substance was found 
in subcutaneous perfusate, in a subject in 
whom, one year previously, the dorsal roots 
that had served the region studied, had 
been sectioned between the spinal cord and 
the dorsal root ganglia (rhizotomy of Ti 
through Tz}. Transection proximal to the 
ganglia, while depriving of sensation the 
region subserved by the nerves, does not lead 
to the degeneration of the peripheral af- 
ferent fibers.1!¢ 


In another subject studied before and 
after rhizotomy (C4,C5) proximal to the 
ganglia, it was observed that the intensity 
of the flare following intradermal injection 
of histamine was reduced in the anesthetic 
region during the first week after sectioning, 
but thereafter gradually increased, return- 
ing approximately to its usual intensity in 
approximately 20 days. Assay of subcutane- 
ous perfusate collected during this period 
indicated that the amount of the defined 
substance observed in the perfusate closely 
paralleled the magnitude of the flare. Dur- 
ing the first 4 days after sectioning the 
roots, when the erythema was only faintly 
pink in color, no observable increase of ac- 
tivity in the perfusate occurred following 
noxious stimulation. After the fourth day, 
the amount of substance assayed after noxi- 
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ous stimulation increased each day as the 
erythema became more pronounced. The 
initial depression of the magnitude of flare 
in this subject probably stemmed in part 
from electrical stimulation of the roots dur- 
ing the surgical procedure and may not 
occur in the absence of such stimulation. 
D. Extirpation of Dorsal Root Ganglia: 
Whether flare would occur in the subserved 
areas after removal of the ganglia of the 
dorsal roots (Cg, T1, T3) was systematically 
investigated in one patient. Two days after 
removal of the ganglia the intradermal in- 
jection of histamine into the anesthetic 
region evoked a flare response in the anes- 
thetic region. It was already smaller in 
area than that evoked in the patient's intact 
arm and the color of the "red reaction" 
was less intense. A moderate amount of 
pharrnacodynamic activity was observed in 
the perfusate collected during the develop- 
ment of flare. Over the next 10 days, how- 
ever, the intensity and the area of the flare 
in the anesthetic region progressively di- 
minished until only a bleb with no surround- 
ing flare formed at the site of histamine 
injection (Figs. 8,9, and 10). At this time 
bioassay of perfusate from the regions ad- 
jacent to the site of histamine injection in 
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Fig. 8.—Tracings of wheal and flare induced by 
intradermal injection of 0.05 cc. histamine phos- 
phate (1:1,000). The control tracing at the left 
was obtained before, and the remainder of the 
tracings after, extirpation of dorsal root gan- 
glia performed for relief of intractable pain. The 
postganglionectomy flares were induced within the 
cutaneous zone of anesthesia resulting from 
ganglionectomy. Note that flare can still be evoked 
for several days after ganglionectomy, but the 
response gradually dwindles and after 9 days is 
absent. 
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Fig. 9.—Demonstration of the effect of gangli- 
onectomy. The areas of flare shown in Figure 11 
are plotted as a function of the time after dorsal 
root ganglionectomy. Although the flare gradually 
dwindled and disappeared after ganglionectomy the 
area of the wheal did not change from that evoked 
when the region was normally innervated. 


the anesthetic region showed no release of 
the substance that depresses rat blood pres- 
sure, contracts rat uterus, and relaxes rat 
duodenum. Flare evoked by noxious stimu- 
lation in adjacent skin with normal sensation 
stopped at the borders of the anesthetic 
area (Fig. 11, see page 637). 

Whereas the area of the erythema pro- 
gressively became smaller during the period 
when the dorsal root fibers were degenerat- 
ing, the area of the wheal remained un- 
changed even when the afferent nerve 
degeneration apparently was complete (see 
Fig. 8). However, even though the area 
of the wheal was unchanged, the color of 
the wheal was pink rather than white (see 
Fig. 10). 


Comment 


The Neuroanatomic Basis of Cutaneous 
Vasodilatation (Flare) Evoked by Noxious 
Stimulation of Human Skin.— As cited 
above, the early studies of Bruce,®! Eb- 
beke,® and Krogh,?® implicated the nervous 
system and particularly the afferent nerves 
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in vasodilatation resulting from noxious 
stimulation by showing that it is greatly 
reduced by local anesthetics and by transec- 
tion of the nerves serving the region. 
Bruce ®! specifically demonstrated the im- 
portance of afferent fibers by showing that 
the vasodilator response to noxious stimu- 
lation in the rabbit conjunctiva was attenu- 
ated after trigeminal ganglionectomy. 
Miilier! noted that the flare response was 
absent in anesthetic regions of the skin 
after peripheral nerve injuries. Lewis and 
Grant *® established that cutaneous flare 
can be evoked by noxious stimulation solely 
on the basis of "axon reflexes" by showing 
that the capacity to exhibit "flare" after 
noxious stimulation of human skin persisted 
for 6 or 7 days after transection of the 
relevant peripheral nerve and then was lost. 
These observations did not directly demon- 
strate that it is the afferent fibers that are 
implicated, since the regions studied lacked 
autonomic and efferent innervation as well. 

The studies reported here of patients 
with peripheral nerve injuries confirmed the 
observations of Lewis and Grant with sim- 
ilar subjects. The observations of the pa- 
tients deprived of sympathetic innervation 
in the region studies demonstrated that the 
sympathetic innervation is not essential to 
the flare reaction to noxious stimulation, 
again in confirmation of Lewis and Grant. 

Cutaneous reactions to injury in anes- 
thetic regions of human subjects with tran- 
section of dorsal root fibers between the 
ganglion and the cord or with dorsal root 
ganglionectomy apparently have not been 
studied previously. The observation of pa- 
tients with transection between the ganglion 
and the cord established that interruption 
of the link with the cord without degenera- 
tion of the peripheral fibers does not abolish 
flare in the anesthetic region of the skin. 
In contrast, it was established that extirpa- 
tion of the dorsal rwt ganglia does abolish 
the flare response to noxious stimulation in 
the segment subserved after 7-9 days, dur- 
ing which the periphery of the flare pro- 
ressively shrinks and the intensity of the 
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erythema gradually fades. Since dorsal root 
ganglionectomy is apparently followed by 
degeneration of afferent fibers only, the 
persistence of the flare reaction after tran- 
section of the dorsal roots between the 
ganglion and the cord and its gradual dis- 
appearance after extirpation of the ganglia 
present direct evidence that it is the integrity 
of certain of the afferent fibers stemming 
from the dorsal root ganglion cells that is 
essential to the phenomenon of diffuse cu- 
taneous vasodilatation (flare) evoked by 
noxious stimulation of human skin. Also, 
since the efferent and autonomic innervation 
in the subject studied was intact at a time 
when the flare response was totally absent, 
it also can be concluded that not only are 
these fibers not essential to the phenomenon, 
but they do not contribute significantly to it. 

Celander and Folkow ®*% inferred that 
of the dorsal root afferent fibers, it is only 
those subserving pain that participate in the 
flare response. They showed that there is 
close agreement between the initiation of 
activity in afferent fibers which respond 
only to stimuli that are "damaging" and 
the initiation of the flare response. Benja- 
min‘!7 also observed close agreement be- 
tween the threshold for the flare response 
and the threshold for pain resulting from 
thermal stimulation in human subjects. 

The brief persistence of the capacity to 
evoke a flare response after ganglionectomy 
and the gradual fading of this capacity dur- 
ing the period when the peripheral branches 
of the afferent axons are degenerating dis- 
tally support the inference of Lewis and 
Grant that the development of flare in re- 
sponse to noxious stimulation is possible 
on the basis of reflexes taking place within 
the branches of single afferent axons. How- 
ever, in light of recent evidence relating 
to the "dorsal root reflex'' it is necessary to 
consider the possibility that in intact sub- 
jects the flare response stems not only from 
axon reflexes but also from reflexes in 
which impulses pass orthodromically to the 
central nervous system and there give rise 
to impulses which pass antidromically to 
the periphery. 
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In 1891, Gotch and Horsely #48 observed 
by means of a galvanometer that stimulation 
of peripheral nerve-evoked reflex discharges 
in the central portion of dorsal roots after 
transection between the ganglion and the 
cord. They concluded that "when a spinal 
center is thrown into activity, a portion of 
its energy flows as a discharge backwards 
down the posterior roots as well as for- 
wards down the efferent fibers of the an- 
terior roots and upwards and outwards 
along internuncial fibers to the next center." 
These "dorsal root reflexes" were again 
studied in the cat in the 1930's by Barron 
and Matthews,!?® who concluded that im- 
pulses originating from sensory receptors 
enter the cord and give rise to antidromic 
discharges which pass out the dorsal roots 
to the periphery. A few of these impulses 
“appeared to originate in intraspinal neu- 
rons." They considered the possibility that 
some of the fibers conducting the centri- 
fugal impulses terminated in endings asso- 
ciated with blood vessels: "It seems possible 
that many of the fibers carrying antidromic 
sensory impulses may go to blood vessels 
and be responsible for Bayliss’ antidromic 
vasodilatation." 

Although no evidence could be presented 
to support it, they also suggested that the 
"dorsal root reflex" might be influenced by 
activity within the central nervous system: 
"Unlike the classical example of the axon 
reflex (Bayliss, 1901) the branching here 
takes place within the cord. The peculiar 
properties of the central conduction in this 
path might enable the central nervous sys- 
tem to influence the reflex." After careful 
study of homolateral and contralateral re- 
flex discharges occurring in the dorsal roots 
after stimulation of the saphenous nerve, 
Toennies 179-121 concluded that "fibers from 
the dorsal root ganglia make central synap- 
tic connection with internuncial neurons of 
the cord in such a way that they can be 
reflexly excited with a resulting discharge 
of impulses toward the periphery of the 
body." 

More recently it has been shown by 
Wall 17” that single shocks applied to dorsal 
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Fig. 10.— Demonstration of the effect of ganglionectomy. Colored photograph of re- 
sponses to intradermal injection of 0.05 cc. histamine phosphate (1:1,000). Histamine was 
injected simultaneously in the skin of the normally innervated arm (L) and in the cutaneous 
zone of anesthesia (R) resulting from extirpation of a dorsal root ganglion. The photo- 
graph was made 16 days after ganglionectomy. 


Downloaded From: https://jamanetwork.com/ by a University of Massachusetts Amherst User on 12/23/2019 


AFFERENT FIBERS IN MAN 


roots resulted in a major increase in the 
excitability of the terminal arborizations 
of the afferent fibers within the dorsal horn 
of the cord. In contrast, excitability within 
the arborizations of proprioceptive fibers in 
the ventral horn was only slightly enhanced 
after orthodromic stimulation. 
Investigations of the link between ortho- 
dromic and antidromic activity within the 
dorsal root fibers 1!8'25 have focused ex- 
clusively on electrical events, but conceiv- 
ably a neurohumoral substance (perhaps 
identical with the vasodilator mediator re- 
leased in the periphery during dorsal root 
stimulation) released from the endings of 
the branches within the terminal arboriza- 
tion could increase excitability, thereby 


INTACT 


Fig. 11.—Tracing of wheal and flare evoked by 
intradermal injection of histamine phosphate (0.05 
cc.) at the perimeter of a cutaneous zone of 
anesthesia resulting from extirpation of 3 dorsal 
root ganglia 18 days previously. The bleb (shown 
as a white area in the drawing) extended partly 
into the region of normal sensation and partly into 
the anesthetic region. The flare reaction (shaded 
area) extended widely in the normally innervated 
region but stopped at the border of the anesthetic 
region. Perfusate from the intact region increased 
in its pharmacodynamic activity during the onset 
of flare as described in the text. In contrast, 
perfusate from the analgesic zone did not increase 
above a low, control level of activity. 
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promoting and perhaps initiating antidromic 
activity. 

The Neurehumoral Basis of Cutaneous 
Vasodilatation (Flare) Evoked by Noxious 
Stimulation of Human Skin.— That a medi- 
ator substance is implicated in this neuro- 
is suggested by the 
readily observable latent interval (15-30 
seconds) between noxious stimulation and 


genic vasodilatation 


the onset of the flare response, and the 
even longer period (5-10 minutes) that 
elapses before the response is maximal. 
Lewis and Marvin® showed that both the 
latency and the duration of the flare re- 
sponse can be increased by occluding the 
circulation of the blood to the region being 
studied. The observations reported herein 
(see Fig. 1) demonstrated that intradermal 
injection of subcutaneous perfusate collected 
during the onset of a flare reaction evoked 
by noxious stimulation of the skin results 
in pain sensation and evokes a flare reaction 
surrounding the site of reinjection. These 
observations support the conclusion that 
this neurogenic vasodilatation is mediated 
through the elaboration of a chemical sub- 
stance. They also indicate some of the prop- 
erties of the mediator substance: (a) it 
induces burning pain; (b) it evokes a flare 
response, and (c) it is relatively stable— 
since the perfusate retained its activity dur- 
ing the period between its elaboration and 
its reinjection into the skin. 


Bioassay of subcutaneous perfusate dem- 
onstrated that during the period of active 
vasodilatation of the flare reaction a sub- 
stance with potent hypotensive properties 
is elaborated. The fact that no such material 
occurred during reactive hyperemia demon- 
strated that it is not a secondary conse- 
quence of vasodilatation per se and indicates 
that the substance does not escape into the 
tissue from leakage through dilated and 
permeable vessel walls. Rather, it suggests 
that the substance itself acts to induce the 
vasodilatation. A predictable ratio of activity 
on several assay systems makes it seem 
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likely that the active perfusate gains its 
properties from a single substance.$ 

The defined properties of this hypotensive 
substance indicate that it is a vasodilator 
polypeptide. The evidence that its chemical 
structure is that of a polypeptide rests on 
the observation that brief incubation with 
chymotrypsin destroys its activity. Better 
definition of the chemical nature of the 
substance must await preparation of highly 
purified samples and appropriate characteri- 
zation by biochemical methods. 

The subcutaneous perfusate collected 
from a region of antidromic vasodilatation 
induced by stimulation of transected dorsal 
roots contained large amounts of a_phar- 
macodynamically active substance with 
properties qualitatively similar to those of 
the substance present in perfusate collected 
during flare induced by noxious stimulation 
of the skin. The greater activity of this 
perfusate on the uterus and the blood pres- 
sure relative to its activity on the duodenum, 
however, indicate that the perfusate col- 
lected during electrical stimulation of the 
dorsal roots contains appreciable amounts 
of other substances as well. 

“Neurokinin.”’—Since the pharmacody- 
namic properties of the substance observed 
in subcutaneous perfusate during the onset 
of flare evoked by noxious stimulation ap- 
parently are not identical with those of other 
substances heretofore known to occur in 
the body, it seems appropriate to suggest 
a name for it. "Neurokinin" is suggested. 
“Neuro-” because of its association with 
neurogenic vasodilatation and because an 
enzyme capable of forming it when incu- 
bated with plasma globulin has been demon- 
strated to occur in cerebrospinal fluid, and, 
““kinin” because of its similarity to brady- 
kinin and to plasma kinin. As mentioned 
above, the defined properties of neurokinin 

t+ Since it is highly probable that the perfusate 
collected under these circumstances contains at 
least small amounts of a variety of physiologically 
active materials, the predictable ratios of activity 
observed also suggest that the potency of the 
substance on the assay systems used is so great 
that its action outweighs the influence of other 
substances present. 
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also closely approximate those of oxytocin, 
a potent polypeptide known to occur within 
the central nervous system. Qualitatively, 
they have much in common. When equated 
in terms of the response of the isolated rat 
duodenum, however, the ratios of their 
pharmacodynamic activities on several bio- 
assay systems indicate that neurokinin 
differs from oxytocin in its greater hypo- 
tensive action and its lesser uterus-contract- 
ing potency. 

These studies do not define the origin of 
neurokinin observed in subcutaneous per- 
fusate during flare. Conceivably the poly- 
peptide is formed within the neuron and 
is extruded during nerve activity. However, 
the demonstration that perfusate collected 
immediately after noxious stimulation is 
increased in potency following 3-minute in- 
cubation with globulin, indicates that the 
proteolytic enzyme capable of forming neu- 
rokinin is present in the extracellular fluid 
at that time. Thus, it is either a proteo- 
lytic enzyme activator or the enzyme 
itself that is released. The capacity of cere- 
brospinal fluid to form neurokinin when 
incubated with plasma globulin indicates 
that cerebrospinal fluid contains an enzyme 
capable of liberating the polypeptide. This 
enzyme may act through splitting peptide 
linkages or it may catalyze the release of 
the polypeptide from some weaker linkage. 
It is tempting to speculate that the neuro- 
kinin-forming enzyme is an intraneuronal 
protease that is activated during heightened 
cellular metabolism. Proteolytic enzymes 
capable of acting at a neutral pH occur in 
the brain,!2® and reversible chemical 
changes in rapidly frozen brain homogenate 
have been described which suggest that 
stimulation of the brain induces a state of 
excitation in which the rate of protein 
breakdown increases, proteolytic enzymes 
are activated, and partial protein denatura- 
tion occurs.!*7129 However, the hypothesis 
of the release of a neuronal protease during 
flare would require an enzyme to pass out 
of the cell boundaries during excitation. 
Whether or not proteins can pass out of 
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nonpathological nerve cells during excita- 
tion is still uncertain. 

The Possible Significance of the Medi- 
ator “Neurokinin.”—Bradykinin, a polypep- 
tide apparently closely related to neurokinin 
recently has been prepared in a highly puri- 
fied form and a chemical structure has been 
proposed for it.1%° A polypeptide with many 
of its properties has been synthesized.134 
On a molar basis, bradykinin is a more 
potent vasodilator than  acetylcholine.13? 
When equated as equiactive on the rat 
duodenum, neurokinin is 35-50 times more 
potent than bradykinin in its hypotensive 
action (rat blood pressure). By acting as 
a mediator for the flare reaction evoked by 
noxious stimulation neurokinin may act as 
an agent for promoting inflammation during 
exposure to noxious stimulation, contribut- 
ing to the protection of the organism as 
a whole by sacrificing the integrity of a part. 

In addition to its role in neurogenic vaso- 
dilatation evoked by noxious stimulation, it 
is conceivable that neurokinin may also 
participate in local vasomotor control within 
some portions of the central nervous sys- 
tem, since neurokinin-forming enzyme has 
been found to be increased in cerebrospinal 
fluid after convulsions in man™? and in 
perfusate from the cerebral ventricles dur- 
ing stimulation of the brain or of afferent 
nerves of laboratory animals,‘ conditions 
under which increased cerebral blood flow 
is known to occur.133:134 

Recent studies using more sensitive meth- 
ods than were used previously 5 have 
indicated that all specimens of human cere- 
brospinal fluid, whether from subjects with 
disease of the central nervous system or 
from those free of disease, contain at least 
small amounts of the enzyme capable of 
forming this polypeptide. However, in sub- 
jects free of disease the amount present is 
so small that its presence can be determined 
only when the sensitivity of the bioassay 
method is maximal. The fact that it is the 
enzyme and not the polypeptide that can 
be observed in cerebrospinal fluid of pa- 
tients with disease of the central nervous 
system and perfusate of the cerebral ven- 
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tricles during electrical stimulation may be 
a consequence of the small amount of pro- 
tein present in cerebrospinal fluid. Conceiv- 
ably, there is sufficient globulin precursor 
present in the extracellular fluid of the 
brain to form amounts of the polypeptide 
that are physiologically active but are too 
small to be detected by bioassay. In patho- 
logical states and after massive stimulation 
this endogenous substrate may be exhausted. 
In these conditions enough of the enzyme 
apparently is released to form detectable 
amounts of polypeptide when globulin is 
added. 

The possibility exists that neurokinin and 
neurokinin-forming enzyme may be re- 
leased within the central nervous system and 
influence neural activity there. Dale pointed 
out in 1935 388 that since the bipolar af- 
ferent neurons implicated in cutaneous flare 
do not synapse until they are within the 
central nervous system, the vasodilator sub- 
stance released in the periphery during 
antidromic vasodilatation may also be a 
transmitter at the central synapse of affer- 
ent neurons. This reasoning is dependent 
upon the assumption that the fibers which 
conduct afferent impulses are the same as 
those responsible for antidromic vasodilata- 
tion. Feldberg 137 concluded that "there is 
a high probability that this is so, and there- 
fore any information about the nature of 
the transmitter of antidromic vasodilatation 
touches at the root of the problem of cen- 
tral synaptic transmission." Hellauer and 
Umrath™ specifically suggested that the 
mediator substance of antidromic vaso- 
dilatation induced by © stimulation of 
dorsal roots is identical with the central 
synaptic transmitter substance of afferent 
nerves. Experimental evidence for the cen- 
tral release of a mediator substance was 
presented by Hausler and Sterz,}8 who re- 
ported that stimulation of afferent nerves 
releases a histamine-like substance into per- 
fusate of the spinal cord of the frog. 

However, there are difficulties with the 
postulate that the mediator substance of 
antidromic vasodilatation serves as a synap- 
tic transmitter for the neurons of the central 
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nervous system. The Jong latency and long 
duration of antidromic vasodilatation indi- 
cate that the mediator is a substance that 
is formed and destroyed too slowly to act 
as a synaptic transmitter.1°® On the other 
hand, Habgood’s'°7 experiments indicate 
that a substance released by stimulation of 
cutaneous nerves in frog skin can lower the 
threshold for neuron firing and may initiate 
spontaneous impulses. Also, Wall's 122 ob- 
servations indicate that orthodromic stimu- 
lation of certain afferent fibers can lead to 
heightened excitability in the general region 
of the cord in which these fibers synapse. 

Thus, the slow formation of neurokinin 
and its stability suggest that if it is re- 
leased within the central nervous system, 
it acts not as a "synaptic transmitter" which 
would require extremely rapid release and 
destruction, but as a slow-acting substance 
that heightens excitability within the central 
nervous system over long periods. 

Inflammation.—A number of events asso- 
ciated with inflammation can be interpreted 
as indicating that antidromic impulses in 
afferent nerves result in the peripheral re- 
lease of humoral agents that damage tissue 
or heighten tissue vulnerability, and influ- 
ence invasion, survival, and growth rate of 
micro-organisms. 

In patients with tabes dorsalis, ecchymo- 
sis of the skin of the involved areas some- 
times occurs after prolonged periods of pain 
associated with inflammation or injury of 
the dorsal roots.1#° 


It has been demonstrated in laboratory 


animals that lesions in the intestines can 
be produced by stimulation of the periph- 


eral portion of the transected splanchnic 
nerve *#4 or of the dorsal roots through 
which pass the afferent fibers of the splanch- 
nic nerve.1# 

Sectioning of that portionof thetrigeminal 
nerve which includes the fibers subserving 
sensation of the lips, is fallowed by the oc- 
currence of herpes vesicles in the lips in a 
high percentage of instances, especially when 
the section is made close to the ganglion.1#% 
These lesions do not occur if the lip area has 
been denervated previously.44*# Also, if the 
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afferent fibers are cut within the brain stem 
itself, or at some distance from the ganglion, 
the incidence of herpes lesions is greatly re- 
duced.'"" These observations suggest that 
surgical trauma during section of the nerve 
fibers initiates antidromic impulses that cre- 
ate an environment in the skin favorable 
for the activation of latent herpes virus. 


Recently, it was observed that subcutane- 
ous perfusate of tender and aching regions 
of the head during vascular headache of the 
migraine type contained a substance with 
properties indistinguishable from those de- 
fined in the present studies for neurokinin. 
The concentration of the substance observed 
in the perfusate was related closely to the 
severity of the headache attack.14¢ 

Other studies from this laboratory have 
indicated that changes mediated by periph- 
eral neural pathways and possibly involving 
the release of neurohumoral agents can en- 
hance the inflammation reaction, although it 
has not yet been possible to define whether 
the relevant neurons are dorsal root or auto- 
nomic fibers.1#? 

Neurohumoral Mediators and Pain. — The 
findings of the present study and of earlier 
studies from this laboratory? reveal the 
need for reassessment of the role in painful 
states of neurohumoral substances acting in 


the local environment of the nerves, both 
in the periphery and in the central nervous 


system. ; 
The pain threshold is reached when a 


stimulus just becomes injurious to tis- 
sue.248-149 When the stimulus is radiant 
energy, the threshold closely approximates 
the temperature at which partial denatura- 
tion of protein begins.1°° 


Although under the usual conditions of 
health the pain threshold is relatively uni- 
form and stable, it can change when the 
local internal environment is altered. Under 
the protective influence of extensive edema, 
the pain threshold may rise. Conversely, it 
may fall when the local environment is 
altered by pathological processes which 
promote protein denaturation, heightened 
catabolism, or increase in the excitability 
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of the nerve endings subserving the sensa- 
tion of pain. 

While it is probable that pain receptors 
can be activated directly by physical or 
chemical features of noxious stimulation, it 
is also possible that a locally released en- 
dogenous substance acts to initiate impulses 
in fibers subserving pain. Histamine has 
been considered to be such a mediator sub- 
stance.151-154 Parrot 1! recently concluded 
that "it may be possible to assume the ex- 
istence of histaminoceptive fibers; other 
substances, however, especially acetylcho- 
line, may participate in the stimulation of 
these fibers."' Histamine is released from 
the tissue mast cells under conditions of 
even mild noxious stimulation, and hista- 
mine results in burning pain and itching 
when injected in great dilution.1' It is not 
possible to conclude, however, that hista- 
mine is the sole or principal endogenous 
agent that evokes activity in pain receptors 
when tissue is damaged. 


The complex biochemical changes that 
take place in regions of injured skin result 
in at least a transient formation of a num- 
ber of substances capable of lowering the 
pain threshold by promoting protein dena- 
turation and otherwise heightening catabo- 
lism, thus reducing the amount of external 
stimulation required to "injure" tissue and 
induce pain. Some of these substances also 
may be capable of altering the excitability 
of the nerve endings subserving pain sen- 
sation and of initiating impulses in them. 


A number of potent pharmacodynamic 
substances have been demonstrated to be 
present in inflammatory exudates.15¢163 It 
has long been known that proteolytic en- 
zymes are activated under conditions of 
tissue injury.’6+ They are also activated 
during allergic reactions '®* and probably 
are implicated in the mechanism of hista- 
tnine release.*66 Adenosine and adenylic 
acid are released from burned tissues.'6* 
Increased hydrogen ion concentrations oc- 
cur in damaged regions, and small blood 
vessels can be dilated by focal accumulation 
of acid solutions.16® Keele and his associ- 
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ates have defined a pain-producing sub- 
stance that is formed when blister fluid is 
brought into contact with glass.1*17 It has 
many of the properties of bradykinin. Men- 
kin has identified several potent substances 
(leucotoxin, necrosin, exudin) in inflamma- 
tory exudates.17t Benjamin!” has _postu- 
lated that noxious stimulation — releases 
intracellular potassium, and it is known that 
injection of isotonic solution of potassium 
chloride in great dilution is painful.2# 
Further, it is well known that injection of 
hypertonic or hypotonic solutions is pain- 
ful and that tissue injury results in devia- 
tion from isotonicity and alteration in 
osmotic pressure.16® Recently, Rocha e 
Silva+*8 observed that bradykinin, which 
induces pain when introduced into the 
skin,!*4 was elaborated in subcutaneous pouch 
fluid under milder conditions of noxious 
stimulation than were required to release 
histamine. 

Thus, several physical and chemical 
changes occur in regions of tissue injury 
that could influence pain threshold and per- 
haps activate pain endings. Some of these 
changes result in the elaboration of sub- 
stances that are painful and result in flare 
reactions when introduced into the skin in 
small amounts. However, it is not yet pos- 
sible to decide whether or not any one sub- 
stance in the region of noxious stimulation 
predominates in initiating nervous activity. 
Tn short, several ''pain substances" may 
participate in initiating activity in nerve 
endings. 

Since the studies herein reported demon- 
strate that perfusate collected from a region 
of reflex vasodilatation induced by noxious 
stimulation has the capacity to induce pain 
and evoke a flare response when reinjected 
intradermally, it can be concluded that the 
nettrogenic mediator substance for this vaso- 
dilatation has the capacity to initiate activity 
in pain fibers and thus may be considered 
a "pain substance." 

Referred Pain. — Stimulated by the famil- 
iar bedside phenomenon that hyperalgesia 
of the skin may occur in zones of referred 
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pain without obvious vasodilatation, Hardy, 
Wolff, and Goodell 175 attempted to ascer- 
tain the nature of hyperalgesia in general 
and that associated with referred pain in 
particular. They injured the skin by burn- 
ing, by faradic stimulation, and by the intra- 
dermal administration of chemical agents, 
including histamine. After such injuries, 
hyperalgesia to pin prick in the large areas 
including the resulting flare zones was ob- 
served. It was noted that the hyperalgesia 
extended as well into nonerythematous re- 
gions some distance proximally as well as 
distally from the area of flare. The lowered 
pain threshold of the site of injury to the 
skin was noted and the alteration was 
termed primary hyperalgesia. But at this 
time no lowering of the pain threshold in 
the area of vasodilatation as defined by the 
radiant energy method in the flare zone 
evoked by noxious stimulation was _ ob- 
served. Subsequently 7 it has been found 
that an error had been made and that a 
transient lowering of the pain threshold 
does occur in the flare zone during the phase 
of active vasodilatation. The maximal low- 
ering of pain threshold in a zone of flare 
persists only for a few minutes during the 
onset of flare; thereafter, sometimes grad- 
ually and often rapidly, the pain threshold 
returns to normal even though the skin re- 
mains reddened. 

Since it is now clear that the pain thresh- 
old is lowered for a time during the onset 
of flare evoked by noxious stimulation, it 
is evident that there is both a primary and 
a secondary hyperalgesia in the areas sur- 
rounding the site of injury to the skin. 
Unless there is extensive local edema, there 
is a striking lowering of pain threshold at 
the site of the injury. This lowering of the 
pain threshold represents primary hyper- 
algesia. There is a less striking and transient 
lowering of pain threshold in the area of 
the flare which also must be considered 
primary hyperalgesia. In addition there is 
a zone of hyperalgesia to pin prick which 
extends beyond the site of injury and be- 
yond the flare zone in which there is no 
vasodilatation and no lowering of the pain 
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threshold. This represents a zone of second- 
ary hyperalgesia, a term used to describe 
the state in which all stimulation at thresh- 
old or above, whether by pin, by heat, or 
other noxious stimulation is experienced as 
more intense than elsewhere even though 
pain threshold is not lowered. 

The primary hyperalgesia in the area of 
flare induced by noxious stimulation is prob- 
ably due to the peripheral liberation in the 
tissue of a pain threshold lowering sub- 
stance. The secondary hyperalgesia in the 
zone extending beyond the flare is appar- 
ently due to heightened excitability within 
the neuraxis. It may also involve neuro- 
humoral mediators, acting within the central 
nervous system. 

Lewis and Kellgren,’7* studying the hy- 
peralgesia that occurs in cutaneous regions 
of "referred pain" after noxious stimula- 
tion of viscera or muscle, were much im- 
pressed by the observation that although 
pain seeming to emanate from the skin 
occurred immediately, the onset of hyper- 
algesia in the cutaneous area of referred 
pain was delayed. The onset of hyperalgesia 
sometimes did not occur until after the pain- 
ful sensations had stopped. They concluded 
that this hyperalgesia arises "not through 
the central nervous system, but through a 
purely peripheral mechanism." Weddell, 
Sinclair, Feindel, and Falconer,!** and 
Hardy, Wolff, and Goodell,!” who studied 
the intervertebral ligaments as a source of 
pain, also observed that the interval be- 
tween noxious stimulation of deep struc- 
tures and maximal cutaneous hyperalgesia 
sometimes was as long as 15 minutes and 
long outlasted the pain. 

There is evidence that a mediator sub- 
stance is sometimes released peripherally 
in regions of referred pain. The grossly ap- 
parent hyperemia in the conjunctiva that fol- 
lows noxious stimulation within the nose,1"8 
and that which sometimes occurs in regions 
of referred pain in the skin'4® suggest 
that a substance, perhaps neurohumoral, is 
released locally in the regions of cutaneous 
hyperalgesia. However, not all of the fea- 
tures of "referred pain" can be accounted 
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for by the peripheral release of a pain 
threshold lowering substance. For ex- 
ample, under certain conditions pain may 
be "referred"' to a completely anesthetized 
area.179-181 Jn the case of widespread re- 
ferred pain in the head following prolonged 
noxious stimulation of a tooth, the pain 
may be abruptly ended by procainization of 
the damaged tooth, but not by procainiza- 
tion in the area of referred pain.18? Further- 
more, in most instances of referred pain 
studied in this laboratory there has been 
neither reddening nor lowering of pain 
threshold (by thermal pain threshold meas- 
urement) in the area of referred pain, even 
though the pin prick is felt as sharper.149188 


Sinclair, Weddell, and Feindel 48* postu- 
lated that referred pain is dependent upon 
“branching"' of single axons, one branch 
passing to the site of noxious stimulation 
and another to the site to which the pain 
is referred. They concluded that both the 
central interaction of neural impulses and 
the actions of an agent released at the 
termination of the nerves are implicated in 
referred pain, "the first being initially more 
important than the second, but the second 
increasing in importance with time, and in 
the latter stages predominating." 184 The 
formulation of these authors postulates that 
in all instances of referred pain both pe- 
ripheral and central elements are present. 
However, as cited above, in most instances 
of referred pain studied in this laboratory, 
the peripheral element has not dominated 
and has not always been demonstrable at 
the time these observations were made. 

It is therefore recommended that when 
vasodilatation is present in the hyperalgesic 
zone of an area of referred pain, the hy- 
peralgesia be termed "primary" during the 
active phase of vasodilatation. When no 
vasodilatation is present and the pain thresh- 
old is not lowered, it should be termed 
"secondary hyperalgesia." 


Summary and Conclusions 


The subcutaneous tissues of an area on 
the volar surface of the forearm were per- 
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fused with normal saline. Vasodilatation 
in the area was then induced by pinching 
and crushing the adjacent skin. Perfusates 
collected (a) during control periods when 
no flare reaction was present and (0) dur- 
ing the onset of cutaneous flare were rein- 
jected intradermally on the back. Perfusate 
collected during the onset of flare pre- 
dictably induced burning pain and larger, 
more intense, flare reactions than did con- 
trol specimens. 


Perfusate collected during the onset of 
cutaneous flare induced by noxious stimu- 
lation of the skin adjacent to the perfusion 
site acquired or greatly increased its capac- 
ity to contract isolated rat uterus, relax 
isolated rat duodenum, and depress the 
arterial blood pressure of the rat. The 
pharmacodynamic properties of the perfusate 
could be stabilized by boiling and destroyed 
by incubation with chymotrypsin. These 
properties stemmed from a_ vasodilator 
polypeptide in many ways resembling brady- 
kinin, kallidin, and oxytocin, but were not 
identical with the properties of these or 
several other related substances. Because of 
its association with neurogenic vasodilata- 
tion, "neurokinin" was suggested as a 
descriptive label. 

Subcutaneous perfusates collected before 
and during vasodilatation after occlusion of 
the circulation of the arm were then com- 
pared. Perfusate collected during reactive 
hyperemia showed no increase in its phar- 
macodynamic activity above control values, 
indicating that the above described prop- 
erties of the perfusate did not occur as a 
consequence of vasodilatation per se. 

The distal portions of transected dorsal 
roots in man were stimulated while the 
subcutaneous tissue underlying the region of 
skin previously subserved by the roots was 
perfused. The perfusate collected during 
stimulation greatly increased in its phar- 
macodynamic properties. It was augmented 
in its capacity to relax the rat duodenum, 
contract the rat uterus, and depress the rat 
blood pressure, suggesting that it contained 
neurokinin. However, the perfusate also 
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contained, as well, significant amounts of 
other, undefined substances. 

It was inferred that the defined substance 
or complex termed neurokinin, is a mediator 
of neurogenic vasodilatation in the skin 
evoked by noxious stimulation. Its powerful 
hypotensive action, and the good agreement 
between the amount of pharmacodynamic 
activity in the perfusate and the degree of 
flare observed, suggest that neurokinin may 
be the principal mediator of this vasodilator 
response. 

About a week after functional discon- 
tinuity of peripheral nerve, no flare and no 
release of pharmacodynamically active agents 
could be demonstrated in subcutaneous 
perfusate of anesthetic regions following 
noxious stimulation of the skin. 

Elimination of sympathetic nerves did 
not prevent the development of flare after 
noxious stimulation of the skin and did not 
interfere with the occurrence of a pharma- 
codynamically active agent in subcutaneous 
perfusate collected during the phase of ac- 
tive vasodilatation. 

One year after section of the dorsal root 
fibers between the dorsal root ganglia and 
the spinal cord (leaving intact the ganglia 
and the peripheral fibers) the usual flare 
reaction and the presence of pharmacody- 
namically active agents in the perfusate fol- 
lowing noxious stimulation of the skin in 
the anesthetic region could be demonstrated. 

Cutaneous flare evoked by noxious stimu- 
lation of the skin is not dependent upon 
efferent fibers emerging from the spinal 
cord, since transection of the dorsal root 
between the ganglion and the cord would 
be expected to result in peripheral degenera- 
tion of such hypothetical efferent fibers (and 
absence of the flare reaction) within a 
period of a few weeks. 

During the first week after excision of 
dorsal root ganglia the periphery of the 
flare resulting from standard noxious stimu- 
lation of the skin became progressively 
smaller and the erythema less intense until 
after 7-9 days the flare was absent and only 
a highly circumscribed reaction at the site 
of injury could be evoked. 
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Cutaneous flare evoked by noxious stim- 
ulation of human skin is thus the result of 
reflex activity of neurons with cell bodies 
located in the dorsal root ganglia and can 
occur solely on the basis of axon reflexes 
in the peripheral branches of single afferent 
nerves. 

The neurohumoral mediator of the flare 
reaction is a "pain substance" that induces 
lowering of the pain threshold transiently 
in the zone of vasodilatation surrounding 
sites of noxious stimulation. It also causes 
the lowering sf the pain threshold in the 
skin associated with referred pain when a 
phase of cutaneous vasodilatation and pri- 
mary hyperalgesia occurs. This primary hy- 
peralgesia thus supplements the secondary 
hyperalgesia. 

The elaboration in the periphery of the 
neurohumoral mediator associated with anti- 
dromic reflex activity in afferent nerves is 
a contribution of the nervous system to the 
inflammatory reaction. 

We express our appreciation to Dr. Bronson Ray 
for his help with these studies. We are espe- 
cially grateful to him and to Dr. Russel H. Pat- 
terson, Jr., for the privilege of studying patients 
with intractable pain who required surgical inter- 
ruption of pain pathways. 


Dr. Loring F. Chapman, The New York Hos- 
pital, New York. 
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THE "POST HOC" FALLACY 


In everyday affairs, and to a certain extent in the general run of clinical work, the num- 
ber of accepted causal relationships far exceeds the number of demonstrated and even of 
probable cases. It seems likely, then, that there is some strong natural tendency which in- 
clines us to ascribe causal relations to events accidentally and arbitrarily occurring near one 
another. That we have such a tendency is at least suggested by the work of Pavlov on 
conditioned reflexes. The essential facts of this work are familiar and need not be recalled 
in detail. In a dog, in which a salivary fistula has been established so that the flow of 
saliva can be measured, the presentation of food is followed at once by a profuse secretion. 
Some arbitrarily chosen stimulus such as the sounding of a metronome is now made to 
precede immediately the offer of food. After this sequence has been repeated a few times 
it is found that the auditory stimulus causes a similar salivary flow without any presenta- 
tion of food. The cerebral cortex has been taught by a very short experience to accept 
the metronome sound as a precursor of food. In mental terms the sound has become a 
‘cause’ of food, and an intelligent dog might classify metronomes in the group of things 
to be hunted like rats and rabbits. The facts especially to be noted for our purpose here 
are: first, the readiness with which the link of apparent causation has been formed; sec- 
ondly, the arbitrariness of the sequence, metronomes having no relation with food in the 
general objective world, and thirdly, the fact that the relation can be fixed only by adding 
it to a relation already established—namely, a natural reflex—in this case the visual-salivary 
reflex. 

Enough has been said . . . to enjoin caution in applying the results of experiments in 
animals to man. Caution must, moreover, be especially stringent in seeking light on mental 
problems from cerebral phenomena. Nevertheless, it is clear enough that there is a remark- 
ably close analogy between the aptitude for the formation of conditioned reflexes on the 
one hand and on the other hand the tendency too readily to ascribe the causal relation to 
small and unrelated sequences of events; and we may at least suspect that the subjective 
sense of causation we so easily derive from a few random coincidences is connected with 
the proved capacity of the brain to pick up arbitrary and as it were ‘irrational’ reflexes. 
The conditioned reflex then is perhaps the simplest case of the post hoc fallacy. When we 
thus see reason to suspect that our tendency to impute causal relations unjustifiably may be 
the expression of a characteristic cerebral function we need not be surprised that this fallacy 
is so common and so difficult to avoid.— Observations and Experiment and Their Use in the 
Medical Sciences, The Collected Papers of Wilfred Trotter, F.R.S., Oxford University 
Press, Oxford and New York, 1943. 
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